Objective: To evaluate the efficacy of subconjunctival nanoparticle carboplatin in the treatment of transgenic murine retinoblastoma.
(group 1, P =.02; group 2, P =.02) and the treated eyes in the conventional carboplatin group (group 1 vs group 3, PϽ .01; group 2 vs group 3, P =.01) and phosphatebuffered saline group (group 1 vs group 4, PϽ.01; group 2 vs group 4, P = .01). The untreated eyes in the highdose nanoparticle carboplatin group showed significantly smaller tumor mass compared with the conventional carboplatin (P=.03) and PBS (P=.04) groups. No toxic effects were observed in any of the groups.
Conclusion:
A single injection of subconjunctival nanoparticle carboplatin was effective in the treatment of transgenic murine retinoblastoma, with no associated toxic effects. The higher dose of subconjunctival nanoparticle carboplatin decreased the tumor burden in the contralateral eye.
Clinical Relevance: This model provides a basis to test carboplatin nanoparticles for the treatment of human retinoblastoma.
Arch Ophthalmol. 2009; 127(8) : [1043] [1044] [1045] [1046] [1047] R ETINOBLASTOMA IS THE MOST common eye cancer in children, accounting for 11% of all infant cancers and 3% of cancers developing in children younger than 15 years. There are 300 new cases of retinoblastoma per year in the United States. 1 For unilateral, sporadic cases, enucleation is the treatment of choice, whereas other treatment modalities are considered for the familial, bilateral cases. 2, 3 Radiation therapy and/or systemic chemotherapy with carboplatin, etoposide phosphate, and vincristine sulfate are preferred treatment options, which are associated with increased incidence of systemic adverse effects and secondary malignancies. [4] [5] [6] [7] [8] To minimize the systemic complications, local delivery of the chemotherapeutic agent to the eye has been proposed. 9, 10 Subconjunctival injection of carboplatin initially showed promising results, 11 followed by reports of local toxic effects of the periocular carboplatin, such as orbital fat necrosis, ocular motility changes, 12 and ischemic necrosis and atrophy of the optic nerve. 13 It was assumed that these toxic effects were caused by the rapid dispersion of the aqueous solution of carboplatin to the surrounding orbital tissue with subsequent undesired adverse effects. Subconjunctival injection of carboplatin in fibrin sealant showed the advantage of sustained release with longer duration and minimal local toxic effects.
14 Nanoparticles are widely used in the medical field as a therapeutic or diagnostic agent, have lower therapeutic toxic-ity, and extend product half-life. 15 Dendrimers are a novel class of hyperbranched polymers that are nanosized with a number of surface functional groups. Poly(amidoamine) (PAMAM) dendrimers have been widely used as delivery systems for various therapeutics in cancer and arthritis. 16, 17 In this study, we evaluated the therapeutic effects of a single subconjunctival injection of carboplatinloaded PAMAM dendrimeric nanoparticles in murine transgenic retinoblastoma.
METHODS

ANIMALS
All animal procedures were approved by the Institutional Animal Care and Use Committee of Emory University and conformed to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. The LH␤-Tag mouse model used in this study carries a transgene composed of the coding region of the simian virus 40 large T antigen (Tag) driven by the human luteinizing hormone ␤-subunit promoter gene (LH␤), developing multifocal, bilateral retinal tumors analogous to human retinoblastoma. 18 Mice in this study were treated at 10 weeks of age.
PREPARATION AND CHARACTERIZATION OF CARBOPLATIN-LOADED DENDRIMERIC NANOPARTICLES
For preparing carboplatin-loaded nanoparticles, halfgeneration PAMAM dendrimer (G3.5 PAMAM, 32 carboxyl end groups) was used. First, a weighed quantity of carboplatin (27.94 mg) was dissolved in 20 mL of deionized water and stirred well until a clear solution was obtained. Then 0.375 mL of G3.5 PAMAM solution (30.43 mg) was dissolved in 4 mL of deionized water and exposed to a stream of nitrogen for 30 minutes to evaporate the trace amount of methanol. The dendrimer solution was slowly added to the drug solution and stirred for 24 hours at room temperature. The stirred solution was dialyzed against deionized water for 4 hours to remove the unentrapped drug. The final dialysate was lyophilized and characterized for particle size and drug loading.
TREATMENTS
Mice were randomly assigned into 4 groups of 10 animals each. Mice were first anesthetized with a mixture of ketamine hydrochloride and xylazine hydrochloride and then received a single 30-µL injection of each solution in the superior temporal subconjunctival space of the right eye, and the left eye was untreated as an internal control. Group 1 (high-dose nanoparticle carboplatin group) received 37.5 mg/mL of nanoparticle carboplatin, the same concentration as the low-dose carboplatin used by Van Quill and et al. 14 We used the dendrimer type of nanoparticles shown in Figure 1 . Group 2 (low-dose nanoparticle carboplatin group) received 10 mg/mL of nanoparticle carboplatin, the same concentration as the conventional carboplatin solution. Conventional carboplatin solution (10 mg/ mL) was prepared by adding carboplatin (C2528; SigmaAldrich, St Louis, Missouri) to phosphate-buffered saline (PBS). Group 3 (conventional group) received 10 mg/mL of carboplatin in aqueous solution, and group 4 (PBS group) received 30 µL of PBS. Mice were killed on day 22, and both eyes were enucleated.
DETERMINATION OF OCULAR TUMOR BURDEN
After enucleation, the eyes were fixed in 10% neutral-buffered formalin, processed routinely, and serially sectioned and stained with hematoxylin-eosin. The slides were obtained from at least 10 different levels throughout each eye. For each eye, 1 section from each level was examined by light microscopy and all tumor foci were identified and digitally imaged at ϫ100 magnification. The cross-sectional area of each tumor focus was measured in square pixels with the ImageJ program, 19 and the total area of all tumor foci was divided by the number of levels examined to calculate the mean tumor burden.
For statistical analysis, an unpaired, 2-tailed t test was used to compare mean ocular tumor burden per level among the 4 groups. Statistically significant difference was defined as PϽ.05.
RESULTS
Carboplatin-loaded dendrimeric nanoparticles had a mean (SD) particle size of 258 (5.7) nm with a very narrow polydispersity index of 0.072 (0.05). Carboplatin content was found to be 0.475 mg/mg of nanoparticles (47.54% weight for weight drug loading) as estimated by a previously described high-performance liquid chromatography method. 20 There were no clinically significant complications after subconjunctival injection, and there were no toxic effects in the retina, optic nerve, or other ocular tissues. The results of the tumor burden analysis are summarized in Figure 2 and Figure 3 . The mean tumor burden in treated eyes in group 1 and group 2 was significantly smaller than that of untreated eyes from the same mice (mean [ There was no significant difference in mean tumor burden between eyes treated with high-dose nanoparticle carboplatin and low-dose nanoparticle carboplatin (group 1 vs group 2, P=.07). A single subconjunctival injection of conventional carboplatin did not show a significant decrease in tumor burden compared with the PBS group (group 3 vs group 4, P = .53). The untreated eyes in the high-dose nanoparticle carboplatin group showed statistically significant smaller tumor mass compared with the untreated eyes in the conventional carboplatin group and PBS group (group 1 vs group 3, P=.03; group 1 vs group 4, P = .04).
COMMENT
In this study, we evaluated the therapeutic effect of a single subconjunctival injection of nanoparticle carboplatin in murine transgenic retinoblastoma. Our results showed that the subconjunctival nanoparticle carboplatin was more effective compared with the carboplatin in aqueous solution.
To enhance the delivery of the drug to the eye, we used the nanoparticle form of carboplatin. Advantages of nanoparticle-based drug delivery are that it improves the solubility of poorly water-soluble drugs, prolongs the half-life of drug systemic circulation by reducing immunogenicity, releases drugs at a sustained rate, lowers the frequency of administration, delivers drugs in a target manner to minimize systemic adverse effects, and enables delivery of 2 or more drugs simultaneously for combination therapy to generate a synergistic effect and suppress drug resistance. 15, 21 We used PAMAM dendrimer nanoparticles with a diameter of 258 nm. The dose of carboplatin in this study was based on the report by Van Quill and coworkers, 14 who injected carboplatin in fibrin sealant into the subconjunctival space of the LH␤-Tag mice using 2 different doses (low dose, 37.5 mg/ mL; high dose, 75 mg/mL). The low-dose group showed tumor regression in 91% of the eyes, whereas the highdose group showed a similar treatment effect with severe toxic effects.
14 Therefore, we chose the concentration of 37.5 mg/mL for our high-dose nanoparticle carboplatin group. The low-dose nanoparticle carboplatin group used the same concentration as the carboplatin in aqueous media at its highest stable concentration of 10 mg/mL.
The results showed that the eyes treated with both high-and low-dose nanoparticle carboplatin showed significant reduction in the mean tumor burden compared with the untreated contralateral eyes. Even with the same concentration (10 mg/mL), nanoparticle carboplatin showed smaller tumor mass compared with the carboplatin in aqueous solution. This observation can be explained on the basis of prolonged retention of nanoparticles and sustained drug delivery when compared with plain drug.
In a previous study, we investigated the influence of particle size on disposition of nanoparticles following periocular injection in a rodent model. 22 For 20-nm nanoparticles, at 6 hours after periocular injection, we observed particle accumulation in the spleen, liver, and cervical, axillary, and mesenteric lymph nodes of the animals, but not in the intraocular tissues, including the retina and vitreous. Further, there was no detectable transport of 20-nm nanoparticles across excised bovine sclerachoroid-retinal pigment epithelium in 24 hours. Thus, small nanoparticles of 20 nm are not transported well across the sclera to the retina and they are rapidly cleared by lymph and/or blood circulation in the periocular space. We observed that only 15% of the administered dose of 20-nm particles is retained in the periocular space after 24 hours in rodents. 23 However, when 200-nm particles were assessed in the same study, nearly the entire dose of particles was retained at the site of administration for at least 2 months. Therefore, the dendrimer particles administered in this study (258 nm) are not likely to cross the sclera-choroid-retinal pigment epithelium in their original form. However, the drug released from these systems can be transported across ocular as well as systemic barriers.
Since the nanoparticles used in this study are aggregates of dendrimer molecules present at less than 5 nm, we cannot rule out the possibility that the administered dendrimer aggregates dissociate slowly into drugdendrimer particles less than 20 nm, thereby entering the circulatory system as well as intraocular tissues. It is anticipated that PAMAM nanoparticle aggregates dissociate eventually, releasing individual nanoparticles. These small particles are expected to be cleared by blood and lymphatic systems. Also, there is a possibility that the smaller particles may traverse sclera to access the intraocular tissues. Ultimately, once in their molecular form, G3.5 PAMAM dendrimers are expected to be removed from the body via glomerular filtration. 24 We observed that the untreated left eyes in the highdose nanoparticle carboplatin group showed significantly smaller mean tumor burden compared with the untreated eyes in the conventional carboplatin group and in the PBS group. Tsui and coworkers 25 investigated the effect of subconjunctival topotecan in fibrin sealant for the treatment of transgenic murine retinoblastoma. In mice treated with topotecan, tumor burden in treated eyes and in untreated contralateral eyes did not differ significantly. However, comparison of mean tumor burden in both eyes from topotecantreated and from control mice demonstrated a statistically significant reduction in tumor burden (P = .04). Tsui and coworkers 25 concluded that topotecan does not cross the sclera as efficiently as carboplatin in vivo because it is cleared by local vasculature at a significantly higher rate than carboplatin and the major route of drug delivery in this system is hematogenous rather than transscleral. Our results implicate a similar effect by the size of nanoparticle (Ͼ200 nm) and overloading of the nanoparticle carboplatin with higher dose. The higher concentration of nanoparticle carboplatin not only crossed directly through the sclera, but also was retained for a longer period, thus cleared by the local vasculature to reach the contralateral untreated eye. This is further supported by an earlier study of ours wherein we observed that following administration of a high dose of celecoxib (3 mg/rat) in the periocular space, drug was detected in the plasma and the retina of the contralateral undosed eyes. 26 In summary, a single injection of subconjunctival nanoparticle carboplatin was effective in the treatment of transgenic murine retinoblastoma. A higher dose of subconjunctival nanoparticle carboplatin could reach and decrease the tumor in the untreated contralateral eye. 
